Abstract-In this paper, we analyze the achievable capacity of the secondary service for overlay and underlay access strategies. We then propose a novel mixed access strategy in which in contrast to the underlay strategy, the secondary service transmits during the idle periods without considering the interference threshold constraint. In contrast to the overlay strategy, mixed strategy makes transmission during the busy periods with a probability p a subject to satisfying the interference threshold constraint. Parameter p a is a secondary service parameter, which can be adjusted based on the spectrum status. Moreover, we show that the secondary service can adjust p a to select appropriate access strategy with the objective of maximizing the achieved capacity based on the interference at the secondary service receiver, I, imposed by the primary service transmitter. The proposed spectrum-sharing technique developed in this paper based on I significantly reduces the system complexity comparing to the system in which for spectrum sharing, the imposed interference at the primary receiver is required. We further suggest a simple power allocation scheme for the mixed strategy that its achieved capacity is very close to the maximum achievable capacity of the secondary service.
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INTRODUCTION
I N spectrum sharing, under certain conditions, a Secondary Service is able to access to a frequency band formally allocated to the Primary Service [1] , [2] . Various schemes are proposed in the literature for spectrum sharing (see, e.g., [3] ), where the secondary service dynamically detects and makes use of the spectrum holes or white spaces [2] , [4] , and [5] . White spaces are those parts of the spectrum allocated to the primary user which are under-utilized in some particular times and specific locations. In most cases, spectrum sharing is required to be implemented without imposing changes to the primary network and/or intersystem signaling [2] , [3] .
The interference threshold or interference temperature constraint is introduced by the Federal Communications Commission (FCC) [6] which indicates the tolerable interference level at the primary receiver imposed by the operation of the secondary service. Technically, as long as the interference threshold constraint is satisfied, the spectrum is underutilized.
In this paper, we focus on the achievable capacity of the secondary service in spectrum sharing. It is shown that obtaining achievable capacity for an Additive White Gaussian Noise (AWGN) channel in different transmission scenarios with interference threshold is an instant of the water-filling problem [7] , [8] . The achievable capacity is studied in [9] under various fading conditions. It is shown in [9] that employing opportunistic spectrum sharing results in a significant increase in the achievable capacity in comparison with the spectrum sharing in an equivalent AWGN channel.
In [10] , [11] , the impact of the interference threshold constraint on the achievable capacity of the secondary service is studied. Moreover, in [12] , the secondary system with the multiple-input multiple-output system is considered and the corresponding achievable capacity is obtained. The spectrum access in the spectrum sharing systems which are considered in the aforementioned citations fall in the category of underlay access strategy. 1 In such systems, the secondary service can always access to the spectrum subject to the interference threshold constraint [3] , [13] , [14] .
Satisfying interference threshold constraint is technically challenging, since the secondary service requires the amount of interference power received at the location of the primary receiver. Moreover, in the underlay strategy, the secondary service must satisfy the interference threshold even in the circumstances in which the primary transmitter is idle. During the idle periods, implying the interference constraint restricts the transmission power of the secondary service, thus reduces its achievable capacity. The achievable capacity of the secondary service is further reduced during the busy periods. That is because of the interference imposed by the primary service activity at the secondary service receiver. To tackle the aforementioned issues, overlay spectrum sharing is proposed (see, e.g, [3] ).
In overlay spectrum sharing, the secondary service senses the spectrum and conducts transmission in the circumstances in which the spectrum is idle. If the primary service starts transmission, the secondary service is informed by spectrum sensing mechanism and transmission is immediately stopped [3] , [13] . Generally, overlay spectrum sharing strategy requires accurate spectrum sensing mechanisms which might be difficult to implement (see, e.g., [15] , [16] , [17] and references therein). In [18] , [19] , the spectrum sensing procedures are proposed and the secondary service throughput is studied; however, the presented analysis in [18] and [19] do not consider the impact of the secondary service power allocation on its throughput. In [18] , the authors show that there is an optimal sensing time in which the secondary service throughput is maximized, and at the same time, the level of the quality of service (QoS) metrics in the primary network is also guarantied. In [20] , a threshold-based spectrum access scheme is proposed to maximize the fraction of time in which the secondary service accesses the spectrum to satisfy the primary service collision probability constraint. It must be noted that in the overlay spectrum sharing, stopping transmission in busy periods, the secondary service ignores the available sharing opportunity which is due to the interference tolerability of the primary service.
The overlay and underlay strategies are compared in [21] , [22] . Capacity analysis versus the primary service outage probability in [21] indicates that in license-free bands, the overlay spectrum sharing strategy employing orthogonal channelization, such as Orthogonal Frequency Division Multiplexing (OFDM), offers higher network capacity. Moreover, results in [21] indicate that in the presence of the primary users, the interference temperature constraint limits network capacity in the overlay strategy more than its underlay capacity counterpart. In [23] , the impact of the secondary service on the primary systems in the overlay and underlay strategies is studied using stochastic geometry approach. However, a general approach to choose the best access strategy with the objective of maximizing the secondary service achievable capacity has not been proposed in the related literature. It is also suggested in [23] that by combining the underlay and overlay strategies, the negative impacts on the primary service could be decreased. In [24] , sensing-based spectrum sharing is proposed. They consider two different power allocation strategies for the secondary service transmitter based on the spectrum sensing output.
As mentioned above, the overlay strategy ignores the interference tolerability of the primary network. Moreover, underlay strategy also ignores the opportunity lied in monitoring the activity of the primary network in which in the idle periods, if detected properly, the secondary service might be able to transmit without interference threshold constraint. Hence, in both underlay and overlay strategies, system-inherent opportunities, which could be exploited to improve the achievable capacity of the secondary service, are missed. Therefore, it is significantly important to find new strategies where the aforementioned features of the primary service operation are properly exploited.
In this paper, we analyze the achievable capacity of the secondary service in the underlay, overlay, and mixed strategies. We then introduce the imposed interference at the secondary service receiver by the primary service transmitter, I, as a criterion for finding the capacity-optimal spectrum sharing strategy.
We also propose a mixed strategy that, in contrast to the underlay strategy, the secondary service transmits during the idle periods without considering the interference threshold constraint. We further introduce a new parameter p a as the access probability during the busy periods. In contrast to the overlay strategy, the proposed mixed strategy makes transmission during the busy periods with a probability p a subject to satisfying the interference threshold constraint. Parameter p a is a secondary service parameter which can be adjusted based on the spectrum status.
Based on I in the mixed strategy, we evaluate the optimal average fraction of time within the busy periods, p a , where the secondary service should access the spectrum. Numerical results show that based on the value of I, the secondary service can adjust p a to choose its access strategy and maximize the achieved capacity. For a large I, the overlay strategy is capacity optimal, i.e., mixed strategy with p a ¼ 0. For a moderate I, the capacity optimal strategy is the mixed strategy with 0 < p a < 1. For very low I, we show that a mixed strategy with p a ¼ 1, which is actually a modified version of the underlay strategy, is capacity optimal.
The main contribution of this paper is to propose a framework for analyzing access strategies based on the received interference at the secondary service receiver, I, as also for analyzing the achievable capacity of the secondary service. The proposed approach to the spectrum sharing based on I significantly reduces the system complexity comparing to the system in which for spectrum sharing, the imposed interference at the primary receiver is required. In many previous works, the impact of I on the secondary service performance is not considered (see, e.g., [9] , [11] , [25] , and [26] ). To the best of our knowledge, in the related literature, the work in this paper is the first one that presents a systematic approach which suggests the best access strategy for a given system setting.
The mixed strategy which is proposed in this paper is similar in spirit to the sensing-based spectrum sharing proposed in [24] except that we further introduce a new parameter p a to find the best access probability to the busy period of the spectrum. In [24] , a heuristic algorithm is proposed to find the optimal power allocation. The algorithm we propose in this paper is much simpler than the algorithm which is presented in [24] . Simulation results also indicate that almost the same performance is achieved given that the complexity is much lower. It is also shown that the achieved capacity of the proposed power allocation scheme is very close to the maximum achievable capacity of the secondary service. We also provide closed forms for the achieved capacity as well as allocated power.
A dynamic programming approach to maximize the aggregated average achieved capacity of the secondary service users based on the primary service outage probability constraint is also developed in [27] . However, in [27] , the interference received from the primary service at the secondary service receivers in the busy periods is not considered. They also consider two power transmission levels corresponding to the idle and busy spectrum states. Their proposed algorithm is only feasible for special cases of idle and busy probabilities.
Note that the main objective of this paper is to evaluate the maximum achievable capacity of the secondary service under different access strategies. The maximum achievable capacity provides a practical bound on the achievable capacity given that the parameters are accurate. In cases where the parameters are not accurate, the achievable capacity would be smaller than the maximum achievable capacity bounds obtained in this paper.
The rest of this paper is organized as follows: In Section 2, the system model is presented; then, in Section 3, the achievable capacity of the secondary service in underlay spectrum sharing is analyzed. In Section 4, we then obtain the achievable capacity of the secondary service when the spectrum sharing is conducted based on the overlay strategy. Consequently, in Section 5, we propose the mixed strategy for spectrum sharing and analyze its achievable capacity. The paper is concluded in Section 6.
SYSTEM MODEL
In this section, we describe the system model used in this paper. For easy reference, the parameters utilized throughout the paper are also presented in Table 1 . We consider a B Hz wireless flat fading WGN channel. Two services try to access B Hz primary spectrum: Primary Service and Secondary Service. The spectrum has been licensed to the primary service. The secondary service does not have the spectrum license; however, it may acquire access to the spectrum based on Opportunistic Spectrum Access (OSA) strategy. There is no direct signaling channel between the primary and secondary services, and the primary network is not aware of the secondary service users. Subscripts s and p are referred to the secondary service, and the primary service, respectively. Hereafter, we simply refer to "primary spectrum" as "spectrum" unless otherwise stated.
Consider a spectrum sharing scenario with a primary transceiver and a secondary transceiver denoted by Tx p =Rx p and Tx s =Rx s , respectively. Fig. 1 shows the schematic diagram of the spectrum sharing system considered in this paper. Maximum transmit power of Tx s is assumed to be P s .
In each time instant n, g sp ½n and g ss ½n denote the instantaneous channel power gains from Tx s to Rx p , and Rx s , respectively. Similarly, we define g ps ½n and g pp ½n as the instantaneous channel power gains from Tx p to Rx s , and Rx p , respectively. Therefore, the received signals at Rx s and Rx p are represented as
where X s ½n and X p ½n are the transmitted signals from Tx s and Tx p at time n, respectively. In (1) and (2) 
The power channel gains g ss ½n, g sp ½n, g pp ½n, and g ps ½n are assumed to be stationary and ergodic independent random processes with unit-mean probability density (distribution) functions f ss ðg ss Þ (F ss ðg ss Þ), f sp ðg sp Þ (F sp ðg sp Þ), f pp ðg pp Þ (F pp ðg pp Þ), and f ps ðg ps Þ (F ps ðg ps Þ), respectively. For brevity of expositions, hereafter, the time index n is dropped.
Communication activity of the secondary transmitter, Tx s , creates interference at the primary receiver, Rx p , through the channel with power channel gain g sp (see Fig. 1 ). The maximum tolerable average interference at Rx p is called interference threshold and is denoted by Q. Therefore, the transmitted power at Tx s should be adjusted so that the interference received at Rx p is always kept below Q. Parameter Q is a system parameter which is usually determined by the band regulator or the primary service operator (see, e.g., [1] ).
In this paper, our focus is on the channel small-scale variations. Similar to the previous works, e.g., [9] and [11] , the effects of the channel large-scale variations, such as shadowing and distant-dependent path-loss, are scaled into the background noise power at the secondary service receiver and the interference threshold constraint.
In the spectrum sharing, the spectrum is either used by the primary services, or remains idle, which are usually called busy and idle periods, respectively. 2 Generally, the access strategy of the secondary service to the spectrum falls into three following categories: 1) underlay strategy in which spectrum is always accessible to the secondary service subject to an interference constraint at the primary receiver, 2) overlay strategy where the secondary service accesses to the spectrum only during the idle periods, and 3) mixed strategy in which a combination of the aforementioned two strategies is considered. In the following, we investigate the corresponding secondary service achievable capacity for each access strategy.
UNDERLAY STRATEGY
As it was mentioned before, in the underlay strategy, the primary service requires the secondary service to always satisfy the interference constraint at Rx p . Therefore, even in circumstances when the primary service is not transmitting (i.e., idle periods), the secondary service has to adjust its transmission power based on the interference threshold constraint. Therefore, in the underlay strategy, the secondary service must always keep the imposed interference at the primary receiver below Q; thus, requires to know the channel gains to adjust its transmission power.
Consequently, the maximum achievable capacity of the secondary service in the underlay strategy, C U , is the solution of the following optimization problem:
s:t: E g P s P s ; ð4Þ and E x represents the expectation with respect to the random variable x. In O U , P s is the transmission power allocated to Tx s which is generally a function of g. Similarly, P p is the transmission power of Tx p . In the spectrum sharing, the primary service adjusts its transmission power only based on its own channel power gain g pp ; therefore, P p is only a function of g pp .
In O U , the objective function, (3), is Shannon's channel capacity. Moreover, (4) and (5) represent maximum transmission power constraint of Tx s , and interference threshold constraint of Rx p , respectively.
Note that different constraints on the secondary service transmission power and primary service received interference are usually considered in the related literature, for obtaining the secondary service capacity. One may consider constraints on the average or peak transmission power of the secondary service. Similarly, one can also consider constraint of the peak or average received interference at the primary service receiver. For instance, in [11] , and [26] , various combinations of the average and peak transmission power and received interference are considered, and the corresponding ergodic, delay-limited, and outage capacities are obtained. However, the analysis in [11] and [26] focuses on the underlay strategy. Furthermore, it is shown in [14] and [26] that considering average constraints for secondary service transmit power and primary service received interference results in a higher achieved capacity for the secondary service, while it implies a lower interference on the primary system.
In this paper, we consider the average secondary service transmission power and average primary service received interference, with the objective of finding the access strategy with the highest achievable capacity, as well as analytical tractability. Note that our analysis suggests an upper bound on the secondary service ergodic capacity for different access strategies.
As it was mentioned in Section 2, the channel power gains are independent. We also note that hðxÞ ¼ logð1 þ a bþx Þ is a convex function for a ! 0, b ! 0, and x ! 0. Therefore, employing Jensen's inequality [28] on the objective function in O U , it can be seen that
By defining
and (6), we get an indication that C U ! C U ðIÞ. Therefore, O U can be approximated as follows:
C U ðIÞ ¼ max
where, in this case, P s is a function of g s and I. Using Lagrange multipliers approach forÔ U , we obtain the optimal transmission power P Ã s as
where ðxÞ þ ¼ maxð0; xÞ. The Lagrangian coefficients, (8) and (9) considering equality. Therefore,
where (10), C U ðIÞ is obtained from (7) as
where F X ðxÞ is the PDF of a random variable
gsp . For the case of Rayleigh fading channel, we show in [22] that f X ðxÞ is
Power Allocation to the Secondary Service
As it is seen in (10), P Ã s , among other things, is a function of g sp . In other words, to evaluate P Ã s , Tx s requires the channel side information (CSI) between itself and Rx p . Providing such information to Tx s requires either an intersystem signaling, or a third party message-passing scheme which in either cases imposes system overhead. Therefore, in practice, obtaining the optimal power allocation P Ã s is very complex. We categorize the underlay spectrum sharing into two following cases: First, the case where P s is very high (i.e., there is no practical power constraint for the secondary service), and/or the interference threshold Q is small enough so that for any feasible power allocation holds in (9), the power constraint in (8) is always satisfied. In this case, the dominant constraint is the interference threshold constraint in (9) . This assumption is usually made in the literature to find the achievable capacity of the secondary service in underlay strategy (see, e.g., [9] and [11] ). In this paper, we refer to this case as Interference Constrained spectrum sharing.
The second case is the one where the interference threshold Q is very high, and/or P s is small enough so that the corresponding created interference at the front end of the primary service receiver never crosses the interference threshold, Q. In such cases, the interference constraint in (9) is always satisfied. Thus, the dominant constraint is the maximum transmit power constraint of the secondary service in (8) . Here, we refer to this case as PowerConstrained spectrum sharing.
Interference-Constrained Spectrum Sharing
In interference-constrained spectrum sharing, the constraint (8) 
O U is reduced to the following form:
By utilizing Lagrange Multipliers method, and following the same line of argument as for b O U , the optimal transmission power is obtained as
where Ã Q is Lagrangian coefficient and it is obtained by replacing (14) into (13) and performing some straightforward mathematical manipulations.
For Rayleigh fading channel, it is easy to show that Ã Q is obtained from the following:
where
Using (14) and (12), the achievable capacity of the secondary service is
Therefore, by increasing Q, C Q U ðIÞ is also increased.
Power-Constrained Spectrum Sharing
In the power-constrained spectrum sharing, the interference threshold is always satisfied. Therefore, b O U is converted into the following optimization problem:
The above optimization is an instance of water-filling problem. Similarly, utilizing Lagrangian Multiplier method, the optimal transmission power is obtained as follows:
where for the Rayleigh fading channel, Ã P is the Lagrangian coefficient which is obtained from
In (22), E 1 ðxÞ is the exponential integral of order 1 defined as
Using (21) and (19), the achievable capacity of the secondary service is
where J 1 ðxÞ is defined as (23) is simplified as
As seen in (24), in power-constrained spectrum sharing, the achievable capacity, C P U ðIÞ, is not a function of Q.
Interference-or Power-Constrained?
As it is seen, the optimization problem b O U , i.e., (7), for interference-constrained, and power-constrained spectrum sharing systems, is reduced into simpler optimization problems (12) and (19) , respectively. Thus, identifying the type of the spectrum sharing is critical for system parameters adjustments.
In Fig. 2 , C U ðIÞ, C Q U ðIÞ, and C P U ðIÞ are plotted. As it was mentioned, the achievable capacity C Q U ðIÞ (see (18) ) is an increasing function of the interference threshold Q (through Q ); however, C P U ðIÞ (see (24) ) does not change with Q . Therefore, as it is observed in Fig. 2 , for a given P s , or equivalently P , there is a specific amount of Q where the two capacities C Q U ðIÞ and C P U ðIÞ cross each other. In Fig. 2 , this particular point is shown as Ã Q . Therefore, for the amount of Q where Q Ã Q the spectrum sharing system acts as an interference-constrained spectrum sharing system with the achievable capacity of the secondary service C Q U ðIÞ. However, for the case that Q ! Ã Q , the spectrum sharing system acts as a power-constrained spectrum sharing with the achievable capacity C P U ðIÞ. As it is seen in the above discussion, Ã Q is a critical system parameter. By obtaining the amount of Ã Q , we are able to identify whether the spectrum sharing is powerconstrained or interference-constrained. Parameter Ã Q can be obtained from (15) , (18), (22) , and (24), as follows:
According to (25) , for a given interference threshold Q (or Q ) which is the system operating point, it is possible to transform an interference-constrained system to a power-constrained system by adjusting the maximum transmit power, P s (or P ).
In other words, by adjusting P s , one can move Ã Q to the left-hand side of the actual system operating point, Q , and force the system act as a power-constrained system. Such transformation removes the interference constraint (9), thus, eliminates the need for the channel side information between the secondary transmitter, Tx s , and the primary receiver, Rx p , i.e., g sp . Therefore, such transformation significantly reduces the system complexity. It must be noted that by considering an appropriate P s so that the new Ã Q is smaller than or equal to Q , this transformation does not affect the achievable capacity of the secondary service.
In the following, we consider the overlay strategy for spectrum sharing and analyze its corresponding secondary service achievable capacity.
OVERLAY STRATEGY
In the underlay spectrum sharing strategy, when the primary service is idle, it is still required for the secondary service to satisfy the interference threshold constraint. This constraint limits the transmission power of the secondary service, thus restricts its achievable capacity. This approach has its root in the fact that primary service may start transmission at any arbitrary time instant; therefore, the spectrum should be always available. The spectrum availability is guaranteed through interference threshold satisfaction in both idle and busy periods of the primary service. However, underlay strategy fails to exploit the opportunity lied in monitoring the activity profile of the primary network. In other words, during the idle periods, the secondary service might be able to transmit without interference threshold constraint.
An alterative approach is to ignore the interference threshold during inactive periods of the primary service. However, the main requirement for such approach is to have an online detection of the idle and busy periods with an acceptable level of accuracy. This approach is called overlay spectrum sharing strategy. The procedure of detecting the spectrum status is called spectrum sensing. Note that, in overlay strategy, when the primary service starts transmission, the secondary service must stop transmission immediately.
In the overlay strategy, the amount of imposed interference at Rx s from Tx p is reduced to zero, i.e., I ¼ 0 during the inactive period of the primary service. Note that in the underlay strategy, I is averaged over both inactive and active periods of the primary service; thus, I 6 ¼ 0. Moreover, eliminating the interference threshold at Rx p during the inactive periods of the primary service, the only power constraint is the maximum transmission power of the secondary service. Comparing to the underlay strategy, in the overlay strategy, the average time of the spectrum accessability to the secondary service is reduced.
As it was mentioned, in overlay spectrum sharing strategy, the estimation of the spectrum status is very critical. The spectrum sensing mechanisms are not usually perfectly accurate. In this paper, we develop our analysis based on accurate spectrum state estimation in Section 4.1, and then we investigate the impact of inaccurate spectrum state estimation in Section 4.2. 
Accurate State Estimation
We assume that the spectrum is available with the probability p i ; consequently, the primary service accesses to the spectrum with probability p b ¼ 1 À p i . Therefore, the total secondary service achievable capacity is
and the achievable capacity of the secondary service is obtained from the following optimization problem:
In O O , the average transmission power constraint at Tx s is modified as in (28) because the secondary service accesses to the spectrum with the probability p i . The problem in O O is very similar to the optimization problem in (19) ; however, here P s is only a function of g ss . In fact, since in the overlay strategy the secondary service accesses to the spectrum when it is available (i.e., idle), the impact of g sp is eliminated. Moreover, as it is expected, in this case I ¼ 0. It is worth mentioning that p i actually indicates the average percentage of the total bandwidth B utilized by secondary service. Therefore, by decreasing p i to zero, the achievable capacity C O ðp i Þ approaches zero as well.
Using Lagrange Multipliers approach, the optimal power allocation of the secondary service with Rayleigh fading is
where the Lagrangian Coefficient Ã is obtained from the following equation:
Consequently, the achievable capacity is
where Fig. 3 , the achievable capacity of the secondary service in the overlay strategy is plotted versus p i . According to this figure, in general, C O ðp i Þ is increased with increasing p i . In this figure, the achievable capacity of the secondary service in the underlay strategy is also plotted for given system parameters, i.e., I and Q . As it is seen, for given I and Q in the underlay strategy, for p i < p Ã i , the underlay strategy achieves higher capacity and for p i > p Ã i , the overlay strategy achieves higher capacity. The value of p Ã i where the achievable capacity of the underlay and overlay strategies crosses each other is a function of I and Q . The above discussion suggests that the secondary service should monitor the values of I, Q , and p i and compare the achievable capacity of underlay and overlay strategies, i.e., C U ðIÞ and C O ðp i Þ, and then choose the strategy with the higher achievable capacity.
For the case that the spectrum sharing system acts in power constrained region, i.e., Q ! Ã Q , using (24) and (31)
Similarly, for the case that Q < Ã Q , i.e., interference-limited spectrum sharing, using (18) and (31) it is seen that
Combining the two above equations, we can simply derive p
where 1 x ¼ 1, if x is correct, and 0 otherwise. Therefore, if
, the secondary service should switch to the underlay (overlay) strategy.
Inaccurate State Estimation
In practice, spectrum sensing mechanisms are not perfect. Let be the probability of miss-detection, i.e., the probability of estimating the spectrum state as idle, while it is busy, and be the probability of false-alarm, i.e., the probability of estimating the spectrum state as busy, while it is idle. Parameters and are specified by the receiver operating characteristic (ROC) curve which gives the probability of detection, 1 À , as a function of . The ROC is a characteristic of the spectrum sensing technique [3] . Using the ROC curve, for a given value of , is obtained.
Inaccurate spectrum sharing results in collision between the primary and the secondary service transmissions. Therefore, if the spectrum sharing system is not designed to manage the miss-detection incidents, the collision between the primary and the secondary service transmissions can potentially reduce the actual capacity of the primary network. In practice, however, some sort of tolerability to collision is considered for the primary network; therefore, a collision probability constraint is also considered for the spectrum sharing. In other words, the spectrum sensing mechanism is utilized so that its probability of miss-detection satisfies the collision probability constraint of the primary service, . Consider the case that the spectrum sensing procedure is based on energy detection. The energy detection scheme is the most popular spectrum sensing procedure [30] . An energy-detector-based spectrum sensing procedure simply measures the energy received due to the primary service activity during an observation interval. The spectrum is considered "idle," if the measured energy is less than a properly set threshold, which is a system parameter.
Let the spectrum sensing procedure be implemented at Rx s . Therefore, the secondary service receiver senses the spectrum based on received interference at Rx s by the primary service transmission, I. On the other hand, when the spectrum sensing procedure is implemented at Tx s , the imposed interference at Tx s by Tx p should be also taken into consideration. In the case where the spectrum sensing procedure is implemented at both Tx s and Rx s , the secondary service accesses to the channel when both of them detect an idle spectrum. In practice, a signaling protocol in the form of request-to-send/clear-to-send (RTS/ CTS) is employed by the secondary service in most cases. Here, we confine our analysis to the spectrum sensing procedure which is only implemented at Rx s .
From the primary service point of view, the best case is ¼ 0. From the secondary service viewpoint, the ideal spectrum sensing procedure has false-alarm probability equal to zero. However, based on some practical limitations, a tolerance on miss-detection and false-alarm probabilities is acceptable. Let the maximum tolerable collision probability be ; thus, the secondary service must satisfy . In practice, the secondary service limits itself to a false-alarm constraint , i.e., . Therefore, the energy detector is designed so that the miss-detection and falsealarm constraints are satisfied at the same time.
To derive false-alarm and miss-detection probabilities, usually two hypotheses H 0 and H 1 are considered, where H 0 is the case that no signal from Tx p is received at Rx s , i.e., only noise is detected, and H 1 is the case that in addition to the noise, there are signals from Tx p received at Rx s . Furthermore, the decision on idle or busy spectrum is made in Rx s based on comparing the received signal within the observation interval with a decision threshold. The decision threshold is obtained based on and .
For instance, [18] obtains the miss-detection and falsealarm probabilities for complex-valued PSK as follows:
Ày 2 2 dy; and N is the number of samples in available observation interval, , in the secondary service receiver, and T is its packet duration. 3 For the sampling frequency of f s , the number of samples in available sensing time N is df s e, where dxe is the smallest integer greater than x. It is worth mentioning that, in this case, only a fraction ðp b =T Þ of I is captured during the observation interval in the spectrum sensing procedure.
In case of inaccurate spectrum sensing, during the transmission of each packet, T , the secondary service can only transmit within the remaining T À s. Here, we assume that is fixed. One can also consider the case where is assigned adaptively. Therefore, the fraction of time that the secondary service is able to access to channel,p i , iŝ
In case of miss-detection, the access time of the secondary service is increased by p b . Similarly, in case of false-alarm, the access time of the secondary service decreases by p i ð1 À Þ. Therefore, the achievable capacity of the secondary service is obtained from the following optimization problem:
where inÔ O , T À T p b I is the received interference at the secondary service receiver in the miss-detection case when the spectrum state is wrongly estimated as idle. For brevity, we skip obtaining the solution to this optimization problem, since the solution is similar to that of O O in the previous section.
Numerical Results
In Fig. 4 , C O ðp i Þ in (34) is plotted versus I=N 0 B. As it is observed, by increasing I=N 0 B from 0 to approximately 5, the achievable capacity is also decreased; however, for I=N 0 B > 5, C O ðp i Þ remains constant. Indeed, by increasing I=N 0 B, on one hand, the accuracy of spectrum sensing procedure is increased, i.e., the false-alarm and missdetection probabilities are decreased, and on the other hand, increasing I=N 0 B imposes higher interference at the 3. The observation interval is, in fact, the required time in which the sensing mechanism makes decision on the spectrum state. As it is assumed that the spectrum sensing mechanism is implemented in the secondary user, covers any delay corresponding with the spectrum sensing procedure until making a decision on the spectrum status by the secondary service user. secondary service receiver. In cases where I=N 0 B < 5, due to less accurate spectrum sensing, increasing interference reduces the achievable capacity; in other words, C O ðp i Þ is decreased by increasing I=N 0 B. However, for I=N 0 B > 5, the accuracy of the spectrum sensing procedure is increased, which keeps the achievable capacity constant. This is due to the fact that the product of the miss-detection probability and the imposed interference at the secondary service receiver is almost constant, and this product reduces to zero for this case.
For large values of I=N 0 B, the gap between C O ðp i Þ and C O ðp i Þ is mainly related to the length of observation interval, , and the value of which is considered to be . Consequently, in this case, for large enough I=N 0 B, some available resources for spectrum sharing is not exploited during . However, for the case that I=N 0 B is small, Fig. 4 indicates that C O ðp i Þ is higher than C O ðp i Þ. In this region, high probability of false-alarm and miss-detection make it possible for the secondary service to exploit the busy part of the spectrum and ignore the idle part of it. However, since p b > p i and the value of I=N 0 B is small in this case,
In Fig. 5 , we compare the achievable capacity of the secondary service in underlay and overlay access strategies with inaccurate state estimation. As it is seen, by increasing the amount of I=N 0 B, the achievable capacity of the underlay strategy is decreased. The achievable capacity of the overlay strategy is also decreased by increasing I=N 0 B; however, the reduction rate is lower than that of underlay strategy. Based on the system parameters, for lower I=N 0 B, the underlay and overlay strategies result in approximately the same achievable capacity. However, when I=N 0 B is increased, the robustness of the overlay strategy against I=N 0 B variations is higher than that of the underlay strategy.
We also compare the underlay and overlay strategies with inaccurate state estimation versus p i in Fig. 6 . This figure suggests that for given system parameters and imposed interference I, when p i is small or large enough, the underlay strategy experiences higher achievable capacity. However, for moderate p i , the overlay strategy with inaccurate state estimation outperforms the underlay strategy. Therefore, similar to (32), the secondary service should compare its achievable capacity in underlay strategy and overlay strategy with inaccurate spectrum sensing and then find p Ã i . The best access strategy is then chosen based on that. Fig. 6 also indicates that in cases where the dominate access strategy is overlay with inaccurate spectrum sensing, there is an optimal value of p i , p ÃÃ i for given system parameters that maximizes the secondary service capacity. However, it must be noted that, by increasing I from zero to infinity, the value of p ÃÃ i decreases from 1 to 0. Indeed, when I ¼ 0, the spectrum is considered idle; therefore, p
Based on the presented analysis in the two previous sections, it is observed that the overlay and underlay strategies outperform each other in different circumstances. This raises an important question: is it possible for the secondary service to adaptively select the best access strategy? Based on the presented analysis in the previous sections, the secondary service might be able to choose the optimal strategy based on the primary service situation, i.e., p i , I, and its interference constraint, Q.
In the following section, we elaborate this issue and propose a mixed strategy with the objective of maximizing the achievable capacity of the secondary user.
MIXED STRATEGY
In contrast to the underlay strategy, based on the proposed mixed strategy, the secondary service transmits without considering the interference threshold constraint during the idle periods. Moreover, during busy periods, the proposed mixed strategy, in contrast to the overlay strategy, the secondary service makes transmission with a probability p a subject to satisfying the interference threshold constraint. Parameter p a is a secondary service parameter which can be adjusted based on the spectrum status. Note that for the overlay strategy, p a ¼ 0. Let I 6 ¼ 0 be the received interference at Rx s imposed by Tx p . In cases where I is large, it would be better to limit the access time during the busy period, i.e., decreasing p a . However, in cases where I is low, p a could be increased.
The optimal channel capacity of the secondary service when the secondary service accesses to spectrum by mixed strategy is the solution to the following optimization problem: Fig. 5 . The achievable capacity of the secondary service in the underlay strategy and overlay strategy with inaccurate spectrum sensing for P s ¼ 1 W and ¼ 0:05. Fig. 6 . The achievable capacity of the secondary service in the underlay strategy and overlay strategy with inaccurate spectrum sensing versus where, P s;i and P s;b are the allocated power in the idle and busy periods, respectively. Note that in spectrum sharing, P s;i is only a function of g ss , and P s;b is a function of g ss and g sp . Finding a solution to O opt is rather difficult. In the following, we propose a straightforward approach to find an approximation of C opt ðp i ; IÞ.
To solve O opt , we note that on one hand, during the active periods, the mixed strategy in O opt acts similar to the underlay strategy; therefore, the achievable capacity is obtained through the following optimization problem:
where P s;b is the power constraints during the busy periods.
On the other hand, the mixed strategy in O opt acts similar to the overlay strategy during the idle period; therefore, the achievable capacity is obtained through the following optimization problem:
where P s;i , is the power constraints during the idle periods. Therefore, C opt ðp i ; IÞ is approximated by
In this paper, we refer to C opt ðp i ; IÞ as optimal channel capacity and C M ðp i ; IÞ as maximum achievable capacity for brevity. It is shown in Section 5.2 that C M ðp i ; IÞ is very close to the C opt ðp i ; IÞ. Note that the transmission power of the secondary service during the idle and busy periods must satisfy the total power constraint as follows:
The optimization problems (36) and (37) are related through (39). Therefore, to obtain the achievable capacity and the corresponding transmit power allocation, P s;b and P s;i should be evaluated.
Evaluating Maximum Achievable Capacity
Here, we propose a simple scheme to evaluate P s;b and P s;i , thus obtaining a solution to C M ðp i ; IÞ. As it was shown in Section 3, for the underlay strategy, the transmission power of the secondary service could be allocated by adjusting the maximum transmission power constraint without loss of achievable capacity so that signaling between Tx s and Rx p is not required. Here, we extend the aforementioned approach for the proposed mixed strategy.
We start with the busy state and assume that P s;b ¼ P s , where P s is the maximum transmit power of Tx s . Using Q, we then specify whether the system is interference-constrained or power-constrained. If it is a power-constrained system, the initial setting is correct and P s;i is obtained from (39). If the spectrum sharing is interference-constrained, we obtain P s;b so that the system is transformed to the powerconstrained region. Consequently, P s;i is obtained using (39). The aforementioned proposed method to evaluate P s;b and P s;i is elaborated in the following.
Let P s;b ¼ P s , then the critical interference threshold Ã Q is obtained using (25) as
where b Q and b P are, respectively, obtained similar to (15) and (22) as
In (41), Q ¼ 4 Q=ðN 0 B þ p a IÞ, and
Having Q, and correspondingly Q , if Q ! Ã Q , then the spectrum sharing is power-constrained, and using (39), we obtain
In case that Q Ã Q , the spectrum sharing is interferenceconstrained. Therefore, by adjusting P s;b , the system can be transformed into the power-constrained spectrum sharing. We showed in Section 3 that this transformation does not result in reducing the secondary service's achievable capacity. To obtain P s;b , we first use (40) and obtain
and then through the definition
parameter P s;b is obtained. Having P s;b , then P s;i is also obtained using (39):
The above method to obtain P s;b , P s;i can be summarized as follows:
As seen in obtaining P s;b and P s;i , parameter g sp is not required and only g ss appears. This is mainly due to the fact that in idle periods, the secondary service does not require g sp because there is no transmission from the primary service. Moreover, the proposed scheme during the busy periods keeps the spectrum sharing system to be power-constrained by adjusting the system parameters. Therefore, even in this case, g sp is not required for the power allocation.
Since in the proposed scheme, the spectrum sharing system is always power-constrained, the maximum achievable capacity of the secondary service is obtained from the following two optimization problems:
E g s P s;b P s;b ; ð48Þ and
E g s P s;i P s;i :
The optimization problems ( (47) and (49)) are samples of water-filling problem. Note that in (48) and (50), P s;b and P s;i are obtained from (45) and (46), respectively The optimal power allocation in (47) is obtained as 
In the idle periods, the optimal transmission power is obtained from (49) as
where Ã i is the Lagrangian coefficient and is obtained from the following: 
Therefore, the total achievable capacity is obtained by replacing (53) and (56) into (38):
Numerical Result
Impact of Access Probability
In Fig. 7 , the impact of access probability, p a , on the achievable capacity of the secondary service in the mixed strategy is studied for different values of I, where P s ¼ 1 Watt and Q ¼ 2N 0 B. For the case that p a ¼ 0, the secondary service accesses the spectrum only in the idle periods, i.e., overlay strategy. In the case that p a ¼ 1, which we call modified underlay strategy, the secondary service always has access to the spectrum. It is called the modified underlay strategy, because here the spectrum sharing recognizes the idle and busy periods and during idle periods in contrast to the underlay strategy interference constraint is not considered. As seen in Fig. 7 , for a given value of I, the achievable capacity is a function of p a . Also, it is seen that by increasing I, C M ðp i ; IÞ is decreased. In the low-interference regime, i.e., I < N 0 B, the achievable capacity is increased by increasing p a . In the low-interference regime, both modified underlay (i.e., p a ¼ 1) and mixed strategies (i.e., 0 < p a < 1) outperform the overlay strategy (i.e., p a ¼ 0). As it is seen, in the lowinterference regime, C M ðp i ; IÞ is almost a linear function of p a .
For a moderate I, e.g., I ¼ 2N 0 B, by increasing p a , C M ðp i ; IÞ is still increased; however, the increment is made with a lower rate than that of in low-interference regime. In the high-interference regime, i.e., I ) N 0 B, Fig. 7 indicates that the rate of increasing C M ðp i ; IÞ by p a is reduced, and for very high interference, the achievable capacity is not increased anymore for larger values of p a , as it was expected. For instance, in the case that I ¼ 10N B , by increasing p a from 0 to 0.4, C M ðp i ; IÞ is increased and then remains constant for higher values of p a .
As seen in Fig. 7 , in the high-interference regime, only accessing with a low value of p a is beneficial. In other words, in such cases, the overlay strategy performs approximately similar to the mixed strategy. However, in the low-interference regime, the access to the busy periods even with a high p a increases the achievable capacity. In other words, for very low interference, larger p a results in higher capacity, i.e., the underlay behavior of the mixed strategy is dominant and for very high interference, smaller p a results in higher capacity, i.e., the overlay behavior of the mixed strategy is dominant.
Comparing Underlay and Modified Underlay Strategies
As shown in Fig. 8 , the achievable capacity of the secondary service with the modified underlay strategy is significantly Fig. 7 . The achievable capacity of the secondary service, where
larger than the achievable capacity in the underlay strategy. Therefore, the modified underlay strategy always outperforms the underlay strategy.
Comparing C M and C opt
The mixed strategy based on the proposed power allocation scheme always outperforms the underlay strategy especially in the form of modified underly strategy. Furthermore, its performance is often higher than that of the underlay strategy. Therefore, the mixed strategy based on the proposed power allocation scheme achieves higher capacity than that of other access strategies. Here, our objective is to investigate whether the achieved capacity C M ðp i ; IÞ, can reach the maximum achievable capacity of the channel, C opt ðp i ; IÞ, by using the proposed power allocation scheme. We refer to C opt ðp i ; IÞ as the optimal channel capacity. As indicated in Fig. 9 , C M ðp i ; IÞ 6 ¼ C opt ðp i ; IÞ for large enough Q, and for small or moderate Q, C M ðp i ; IÞ % C opt ðp i ; IÞ. In practice, if Q falls in the category of small and moderate Q; then, in the proposed mixed strategy, the secondary service achieves capacity very close to the optimal channel capacity.
Here, we also compare the performance of the proposed power allocation scheme with the one that was presented in [24] . For easy reference, in Fig. 10 , we represent a revised version of the algorithm in [24] based on our system model and parameters. This heuristic algorithm is based on dualdecomposition methods. As seen in Fig. 9 , our proposed power allocation scheme has approximately the same performance as the heuristic algorithm proposed in [24] . It must be noted that our proposed scheme for allocating power is significantly less complex than that presented in [24] . Furthermore, we obtain a closed form for the achievable capacity.
CONCLUSIONS
In this paper, we analyzed the corresponding secondary service achievable capacity for overlay and underlay access strategies. We then obtained a critical system parameter for underlay spectrum sharing to eliminate the interference threshold constraint which significantly reduced the system complexity by making the power allocation of the secondary service independent from the channel-side information between the secondary transmitter and the primary receiver; thus removing the need for signaling between primary and secondary systems. For underlay spectrum sharing, we analyzed the achievable capacity for accurate and inaccurate spectrum sensing.
We then noted that the overlay strategy ignored the interference tolerability of the primary network. The underlay strategy also ignored the opportunity lying in monitoring the activity of the primary network, in which in the idle periods, if detected properly, the secondary service might be able to transmit without interference threshold constraints. Hence, in both underlay and overlay strategies, system-inherent opportunities, which could be exploited to improve the achievable capacity of the secondary service, were missed.
To exploit the aforementioned features of the primary service, we then proposed a novel mixed-access strategy in which during idle periods, in contrast to the underlay Fig. 9 . The optimal channel capacity and the achievable capacity of the mixed strategy where P s ¼ 1 W. Fig. 10 . The heuristical algorithm based on dual decomposition method [24] . strategy, the secondary service transmits without considering the interference threshold constraint. In contrast to the overlay strategy, during the busy periods, in the proposed mixed strategy the secondary service made transmission with a probability p a subject to satisfying the interference threshold constraint. Parameter p a is a secondary service parameter which can be adjusted based on the spectrum status. We then obtained the achievable capacity of the proposed mixed strategy.
Moreover, we proposed a simple power allocation scheme for the mixed strategy wherein its corresponding achieved capacity was very close to the optimal channel capacity of the secondary service. Through simulations, we further showed that based on the imposed interference at the secondary service receiver from the primary service transmitter, I, the secondary service can adjust p a to choose its access strategy and maximize the achieved capacity. The proposed approach to the spectrum sharing based on I significantly reduced the system complexity compared to the system in which for spectrum sharing the imposed interference at the primary receiver was required.
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